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Flavonols are hydroxyl-substituted flavonoids and naturally occur as secondary 
metabolites in plants.  Several studies have discovered extensive medicinal properties of 
flavonols. The present work reports on structural and functional investigation of the B 
ring substituted flavonols based on spectroscopic and electrochemical techniques. The 
purpose of this study is to determine the influence of the B ring substitutions on the 
hydrogen bonding interactions, the electronic effects in ruthenium complexes and the 
Al3+ chelation of B ring substituted flavonols. 
The electronic effects of the B rings were changed by introducing methyl, 
methoxy and nitro groups at position 4ʹ on the B ring. The 3ʹ-methyl substitution was 
performed in order to increase the electronic density of the B ring via inductive effects. 
The 2ʹ-methyl and 2ʹ, 6ʹ-dimethyl substitutions increased the steric effects around the 
inter-ring bond between the B and the C rings, and the B ring was highly deconjugated 
from the AC rings. The intramolecular hydrogen bonding distances at 3-hydroxy-4-
carbonyl units of the B ring substituted flavonols were elongated while the dihedral 
angles between the B and AC increased. Strong intermolecular hydrogen bonding 
 
 
interactions were also observed in the crystal structures of 4ʹ-methylflavonol, 4ʹ-
methoxyflavonol, 4ʹ-nitroflavonol and 2ʹ,6ʹ-dimethylflavonol.  Furthermore, several 
crystal packing patterns were observed, and it is postulated that dihedral angles and 
intramolecular hydrogen bonding distances are both affected by the intermolecular 
hydrogen bonding interactions and the crystal packing forces. 
In addition, the ruthenium complexes of B ring substituted flavonols were 
synthesized and characterized by spectroscopic and electrochemical techniques. B ring 
substitution effects were minimal in IR spectroscopy and X-ray crystallography. The 
levels of the conjugation of the ruthenium-flavonolate complexes were demonstrated by 
electronic absorption spectra recorded in methanol at room temperature. The most 
positive oxidation potential was obtained with the electron withdrawing nitro group 
substitution, and the electron donating substitutions resulted in more negative oxidation 
potentials. 
The spectroscopic investigation of the complex formation of Al(III) with 
flavonols and 3-hydroxychromone is described. The stoichiometric composition and 
stability constants are also given. The comparison of the results obtained from Al(III) 
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1.1 Biological Importance of Flavonoids 
Polyphenols are structurally characterized by the presence of multiple phenol 
groups, and can be categorized as phenolic acids, stilbenoids, lignans and flavonoids.1  
Among those, flavonoids are the most abundant class of natural polyphenols present in 
vegetables, fruits and other plant derived edible materials.2 ,3 The skeleton of a flavonoid 
consists of a 2-phenyl-benzo-γ-pyrone unit (Figure 1.1), with the three rings labeled as A, 
B and C. According to the variations made on the heterocyclic C ring, several subclasses 
are defined (Figure 1.2). In this study, the work was only based on 3-hydroxyflavones 
(flavonols) where the C ring is substituted with a hydroxyl group at the 3 position, is 
unsaturated at the 2,3 bond and has a carbonyl at the 4 position. 
 





Figure 1.2 Subclasses of flavonoids 
 
In the early 1990’s, it was reported that the morbidity caused by cardiovascular 
diseases in France was low compared to the other Western Europeans, North Americans 
and Australians.4 However, the French diet is very high in fats and cholesterols. After 
conducting research on this phenomenon, some scientists proposed that the effect was 
associated with the high red wine consumption by the French.5 Flavonoids are the main 
component of the polyphenols present in red wine, and the antioxidant activity of 
flavonoids was believed to play an important role in minimizing the cardiovascular 
diseases in France. Since then flavonoids have been heavily studied for their antioxidant 
activity.6 The studies have demonstrated that flavonoids are able to quench the active 
 
3 
oxygen species and inhibit low density lipid oxidation.7 Therefore, flavonoids can reduce 
the thrombotic tendency and atherosclerosis. Also, flavonoids (FlO-H) are utilized as free 
radical scavengers in biological systems (Eq.1.1), and the antioxidant activity of 
flavonoids is related to the presence of the phenol groups.8 
 FlO-H + RO·                FlO· + RO-H  Eq. 1.1  
Since ancient times, herbal material has been used as antimicrobial agents.9 For 
example the shoot of oat species, the plant Tagetus minuta, and the Bergamot peel Citrus 
bergamia have been used for antimicrobial purpose. Recently, it was found that 
flavonoids are the main physiologically active component present in those effective 
herbal drugs. 9b  Some of those flavonoids were isolated and tested for antimicrobial 
activity under in vitro conditions.9b, 10,11  It was observed that some flavonoids can inhibit 
the growth of pyrenophora, E. coli, and Salm. entirica. An extensive study of the 
structure-function relationship of antimicrobial active flavonoids has not been reported. 
However, it was found that methoxy, hydroxyl and halogen substitutions on the A and B 
rings are important in the antimicrobial activity of flavonoids.9a  
Furthermore, flavonoids have been identified as antiviral components. 9a, 12,13,14 
Chrysin, kaempferol, galangin, quercetin and morin (Figure 1.3) are a few of those 
flavonoids which were identified and tested for antiviral activity. These flavonoids were 
reported to be active against the human immunodefiency virus (HIV), the herpes simplex 
virus (HSV), the respiratory syncytial virus, the polio virus and the sindbis virus. 
Anticancer activity is also one of the chemotherapeutic properties reported for 
flavonoids.15, 16 Cytotoxic effects of flavonoids were observed in oral squamous 
carcinoma and human colon carcinoma cells. Antifungal, anti-allergic, anti-inflammatory 
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and anti-ulcer medicinal properties are also found for flavonoids.17  Therefore, flavonoids 
are well-known for a diverse range of pharmacological properties and widely examined 
as potential agents in the fields of medicinal chemistry and pharmacology. There were 
more than 300 plant extracts tested for potential anti-malaria drugs, and several 
flavonoids have been discovered and successfully tested under in vitro conditions.17d 
Furthermore, these medicinal properties have been found to be related to the structural 
specifications of the flavonoids.  
 




In this study, the structure-reactivity relationship of the B ring substituted 
flavonols is the main focus. The structural features of the B ring substituted flavonols are 
studied using their crystal structures in solid state. Specially, the metal coordination of 
the B ring substituted flavonols is investigated, and metal-flavonolate interactions are 
evaluated by spectroscopic and electrochemical techniques. Additionally, the reported 
crystal structures of the B ring substituted flavonol and metal-flavonolate complexes are 
further discussed. 
1.2 Crystal structures and intermolecular interactions of 3-hydroxyflavones 
(Flavonols)  
In 1986, the crystal structures of three flavonols were reported. 18 The structures 
of flavonol, 2ʹ-methylflavonol and 3ʹ-methylflavonol were analyzed based on 
intramolecular and intermolecular hydrogen bonding interactions. The hydroxyl group of 
these structures forms intramolecular hydrogen bonds with the adjacent carbonyl group. 
The longest intramolecular hydrogen bond distance was observed in 2ʹ-methylflavonol. 18 
Furthermore, 2ʹ-methylflavonol has the greatest dihedral angle between the C and B rings 
which is caused by the steric effect of the 2ʹ-methyl substitution. Thus, an effect of the 
dihedral angle on the intramolecular hydrogen bonding interactions was detected in the 
crystal structures of those flavonols.  Additionally, the 3-hydroxy-4-carbonyl units of 
these flavonols have favorable orientations to form intermolecular hydrogen bonding 
interactions with neighboring molecules, even though no intermolecular hydrogen 
bonding interactions were reported for 2ʹ-methylflavonol. In both flavonol and 3ʹ-
methylflavonol, intermolecular hydrogen bonding interactions were observed as the 
dominant packing forces in the crystal structures.  
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The effect of B ring conjugation on hydrogen bonding interactions of 3-hydroxy-
4-carbonyl unit in flavonols was supported by the information obtained from the crystal 
structure of 3-hydroxychromone (Figure 1.4).19 3-Hydroxychromone is lacking the B 
phenyl ring, and its intramolecular hydrogen bonding interactions are even weaker than 
those observed in 2ʹ-methylflavonol.  
Therefore, the coplanarity of the B ring with the AC rings plays a key role in 
determining the strength of the intramolecular hydrogen bonding interactions of the 3-
hydroxy-4-carbonyl unit. An enhanced resonance stabilized system results with a fully 
conjugated B ring in flavonol. This enhanced conjugation of the flavonol increases the 
hydrogen bonding acceptance of the ketone oxygen by stabilizing the electron density on 
the ketone oxygen. Furthermore, it is of interest to study the hydrogen bonding 
acceptance of the ketone oxygen or the strength of the intramolecular hydrogen bonding 
interactions as a function of the B ring coplanarity with the AC rings. Besides, the 
influence of the electronic effects of a coplanar B ring on the intramolecular hydrogen 
bonding interactions can also be studied. In fact, the electronic effects of the B ring can 
be changed by electron donating or electron withdrawing substitutions. 
 




With the reported variation of hydrogen bonding based on B ring orientation 
associated with the 3-hydroxy-4-carbonyl units of flavonols, it is also interesting to study 
their metal complexes because they are coordinated by the same 3-hydroxy-4-keto unit of 
the flavonols. In particular, it is of interest to determine whether the stability constant for 
metal binding varies with the B ring substitution and whether metal complexes have 
properties that reflect these changes of the flavonolate ligand. As such, a review of metal 
coordination chemistry is given in the next section. 
1.3 Metal coordination of flavonols 
 Metal chelation by 3-hydroxy-4-carbonyl moieties 
Flavonols readily react with metal ions, and some of the chemical activities of 
flavonols are enhanced in metal-flavonolate complexes.20 As an example, transition metal 
coordination increases the antioxidant activity of some flavonols.21 The 3-hydroxy-4-
carbonyl is the main metal chelating site found in flavonols without adjacent hydroxyl 
groups on the phenyl rings (Figure 1.5) with the hydroxyl function being stronger than 
the ketone function in coordinating metal ions. 
 




Herein, some reported metal-flavonolate complexes are analyzed and discussed 
for their structure-function relationships. Only a few crystal structures of metal-
complexes are reported, making structural analysis of metal-flavonolate complexes 
challenging. 
 Ruthenium complexes of 3-hydroxypyrones 
It is interesting to compare the ruthenium complexes of flavonols with the 
ruthenium complexes of 3-hydroxypyrones. Flavonol and 3-hydroxypyrone are bidentate 
ligands, and also have the same metal chelating group; the 3-hydroxy-4-carbonyl unit.  
Recently, half sandwich ruthenium complexes of 3-hydroxypyrones (Figure 1.6) 
were reported and discussed for their functionality in cytotoxic studies as potential anti-
cancer  drugs.22,23,24 Furthermore, the crystal structures of theses complexes have been 
reported with analysis of the bonds of the ligand involved in the coordination of the metal 
ion. Lengthening of the carbonyl bonds and shortening of the deprotonated hydroxyl 
bonds were observed in the complexes of 3-hydroxypyrone. This kind of behavior is 
caused by the expansion of conjugation over the deprotonated 3-hydroxy-4-carbonyl unit. 
 




The weakening of the carbonyl bond was also observed from the bathochromic 
shift of the vibrational frequency of the ketone bond in IR spectroscopy.22 The vibrational 
frequencies of the carbonyl bond in ruthenium-hydroxypyranoate complexes were shifted 
by 30 cm-1 towards the low energy. The vibrational frequencies of the ketone bonds were 
compared among several metal-hydroxypyranoate complexes. 22 However, a relationship 
between the bathochromic shift and the metal ions was not identified from the vibrational 
frequencies of the carbonyl bond in metal-hydroxypyranoate complexes. 
Therefore, it is a potential interest to relate the B ring influence on the 3-hydroxy-
4-carbonyl unit of the flavonolate ligand in the metal-flavonolate complexes. A similar 
type of delocalization of the unsaturation is expected in the 3-hydroxy-4-carbonyl unit of 
the flavonolate ligand whereas the degree of the delocalization of the unsaturation may be 
changed upon B ring substitution. 
 Metal complexes of flavonolates  
Cu(II) and Fe(II) complexes of 3-hydroxyflavone (L) were reported in 2003, and 
their molecular formulae were determined as [Cu(L)(H2O)2]Cl and [Fe(L)(H2O)4]Cl.21 
The oxidation potentials of flavonolates in above complexes were determined and used to 
predict the antioxidant capability of those metal-flavonolate complexes. An irreversible 
oxidation was observed for the Cu(II) and Fe(II) complexes of 3-hydroxyflavone. Lower 
oxidation potentials were reported for the complexed flavonolates than that for free 
flavonol. Consequently, a higher antioxidant activity was obtained for metal-flavonolate 
complexes than free flavonol.  
The previous work was mainly focused on the antioxidant activity of the metal-
flavonolate complexes. Only two metal complexes of the same 3-hydroxyflavone were 
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electrochemically characterized. Therefore, the influence of the B ring on the oxidation 
potential of the flavonolates was not able to be determined due to lack of information.   
A series of divalent metal complexes of 3-hydroxyflavone (Figure 1.7) were 
synthesized by Grubel et. al, and those complexes were characterized by 1H NMR 
spectroscopy, IR spectroscopy, UV-Vis spectroscopy, X-ray crystallography and cyclic 
voltammetry.25,26 A similar type of carbonyl bond elongation and hydroxyl bond 
contraction of the coordination moiety were observed in these complexes  although the 
magnitude of the bond length variation did not depend on the metal ion. Furthermore, the 
vibrational frequency for the carbonyl bond in the coordinated flavonolate shifted 
towards the low energy by 40-50 cm-1. This research has also not been extended to detect 
the influence of the B ring substitutions of the flavonolate on the metal coordination.  
 
Figure 1.7 Divalent metal complexes of flavonolates 
 
Flavonolate complexes of Mn(II), Cu(II) and Fe(III) were synthesized and 
examined as synthetic enzyme substrate complexes for oxygenation reactions related to 
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flavonol 2,4-dioxygenase.27 The oxygenation of metal-flavonolate complexes (Figure 
1.8) were studied under dioxygen in DMF. An enzyme-like oxygenation was observed 
for those complexes, and the Fe(III) complex was found to be the most active synthetic 
enzyme substrate. 
 
Figure 1.8 Metal-flavonolate complexes tested in oxygenation reactions 
 
The study on dioxygenation of flavonol was further examined in the iron 
complexes of flavonolates in the presence of carboxylates (Figure 1.9).28 The rate of the 
oxidative decay (Figure 1.10) of Fe(III) complexes in DMF at 100 °C was investigated 
versus substituent effects. The 4ʹ position of the flavonolate was substituted with NMe2, 
OMe, H and Cl groups in the Fe(III) complexes. A linear relationship was observed 
between the substituent parameter (σ) and the reaction rate (Vr) in the Hammett plot. 
Electron releasing groups increased the reaction rate by 2.5 fold. The influence of steric 
effects on the reaction rate was also examined by changing the number of phenyl groups 
attached to the carboxylate group. The steric effects of flavonolate ligands on the reaction 




Figure 1.9 Fe(III) – flavonolate complex and its derivatives 
 
Figure 1.10 Dioxygenation of Fe(III) – flavonolate complexes 
 
The previous work has been extended to detect the B ring substituent effects on 
the reactivity of the metal-flavonolate complex although only the 4ʹ position was 
substituted with different functional groups. However, a linear structure-activity 
relationship was observed, and it is curious to explore the influence of the substitutions at 
other positions on the reactivity of the metal-flavonolate complexes.  
Most research has attempted synthesis of various mononuclear metal complexes 
of flavonol. The reactivity of the metal-flavonolate complexes was evaluated on the basis 
of the metal ion. The substitution effects were investigated only at 4ʹ position of the B 
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ring of the coordinated flavonolate although only the hydroxyl function of the flavonolate 
was coordinated with the metal ion in those metal- (4ʹ-substituted flavonolate) 
complexes. Therefore, it is necessary to evaluate the substituent effects of the bidentate 
coordinated flavonolates to study the overall alterations of the 3-hydroxy-4-carbonyl unit 
upon metal coordination. 
 Equilibrium studies of metal-hydroxyflavone complexes 
It is very important to study the interactions and complexation between metal ions 
and hydroxyflavones. Generally, three main metal chelating sites are available in 
hydroxyflavones 20 (Figure 1.11): 
a. 3-Hydroxy-4-carbonyl unit 
b. 5-Hydroxy-4-carbonyl unit 
c. Catechol unit 
The strength of the chelating sites and metal-flavonolate stoichiometry were 
studied by UV-Vis spectroscopy.29 The electronic spectrum of the free flavonol is 
characterized by two main absorption bands. Generally, band I occurs in the region 320-
380 nm and band II can be observed in 240-270 nm region. A significant change of 
absorption band I was observed in the metal-flavonolate complexes compared to the free 




Figure 1.11 Metal chelating sites available in hydroxyflavones 
 
The electronic spectra for different metal complexes of 3-hydroxyflavonolate 
show similar characteristics in absorption wavelengths. Therefore, this suggests the 
molecular orbitals located in the flavonolate ligand are involved in the electronic 
transitions of the complexes. Moreover, a similar behavior was observed in the spectra 
upon metal complexation of 3ʹ,4ʹ-dihydroxyflavonolate and quercetin. The 3-hydroxy-4-
carbonyl moiety is the strongest binding site for the Al3+ chelation by 
hydroxyflavonolates whereas Pb2+ was most favorably bound by the catechol unit. Also, 
the highest stability constant (K) for Zn2+ chelation was obtained from 3-hydroxy-4-




Table 1.1 Characteristics of equilibrium studies of metal-flavonolate complexes 
 Compounds (L) 
3HF29b, 30,31 5HF32,30,33 3ʹ,4ʹ-
diHF34,33,30 
Quercetin35,36 




Al:L 1:2 1:1 1:1 1:2 & 2:1 
λmax 
(nm) 
































Zn:L 1:1 1:1 1:1 - 
λmax 
(nm) 








Log (K) 6.60 5.33 5.19 - 
 
In this study, Al3+ chelation by B ring substituted flavonols is investigated in 
methanol at 25 °C. Thus, the behavior of 3-hydroxy-4-carbonyl unit in Al3+ chelation is 
examined as a function of the substitution made on the B ring of 3-hydroxyflavone. The 
electronic spectral characteristics, the metal-flavonolate stoichiometry and the stability 
constants are presented and discussed in the results and discussion chapter. 
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1.4 Scope of the study 
This present work focuses on the synthesis of B ring substituted flavonols, the 
crystal structures of B ring substituted flavonol, the metal-flavonolate complexes and the 
influence of the substituent effects on the structural and chemical properties of both 
flavonol and their metal complexes. The electronic effects of the B ring and steric effects 
causing the B ring to not be planar with the A and C rings are altered by the substitutions. 
Hence, the B ring substitutions on hydrogen bonding interactions of flavonols are 
explored in this project. The strength of intramolecular hydrogen bonding interactions is 
compared with the dihedral angle of B ring substituted flavonols. The crystal structures of 
4ʹ-methylflavonol, 4ʹ-methoxyflavonol, 4ʹ-nitroflavonol and 2ʹ, 6ʹ-dimethylflavonol are 
studied in the terms of hydrogen bonding interactions and crystal packing forces and 
compared with the previously reported crystal structures of B ring substituted flavonols. 
Ruthenium(II) complexes of B ring substituted flavonolates were synthesized and 
characterized by 1H NMR and 13C NMR spectroscopy, IR spectroscopy, UV-Vis 
spectroscopy, mass spectroscopy, X-ray crystallography, and cyclic voltammetry. This 
work is supported with five crystal structures of ruthenium-flavonolate complexes, and it 
allows comparison of the bonds of the of 3-hydroxy-4-carbonyl unit of flavonolate ligand 
depending on the B ring substitutions. The crystal structures of metal-flavonolates are 
thoroughly analyzed to detect the effect of B ring substitutions on the metal coordination.  
UV-Vis spectral information is utilized to estimate the level of conjugation of the metal 
flavonolate complexes. The C=O frequency values observed from IR spectroscopy are 
compared with the carbonyl bond lengths which are determined from the crystal 
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structures. Finally, the oxidation potentials of ruthenium(II) in ruthenium-flavonolate 
complexes are used to assess the electron density on the ruthenium ion.   
Mainly, the influence of the substitution effects of the B ring of flavonols is 
explored towards the structural and chemical properties of flavonols. The utilization of 
the flavonols in medical research may be further extended with a complete knowledge of 
structure-activity relationship of flavonols.  
1.5 Research Hypotheses 
1. The electron density of the flavonol will be increased by the electron 
donating methyl and methoxy substitutions on the coplanar B ring. The 4ʹ-
methyl and 4ʹ-methoxy substitutions will be stronger than other positions 
due to the high resonating stabilization. The electron withdrawing 4ʹ-nitro 
substitution on the B ring will reduce the electron density of the flavonol. 
The overall conjugation of the flavonol will be reduced by the 2ʹ-methyl 
and 2ʹ, 6ʹ-dimethyl substitutions. 
2. A correlation will be observed between the dihedral angle and the 
intramolecular hydrogen bonding interactions in B ring substituted 
flavonols, and coplanar B ring orientations will be observed for 4ʹ-
substituted flavonols. 
3. Ruthenium-oxygen bond distances of the ruthenium-flavonolate 
complexes will be affected by the B ring substitution effects; stronger 
bonding interactions will be observed in the ruthenium(II)-flavonolate 
complexes than in ruthenium(II)-hydroxypyronoate complexes. 
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4. Hydroxyl bond contraction and ketone bond elongation will be observed 
in the crystal structure of the coordinated flavonolate in ruthenium-
flavonolate complexes. The degree of the alteration of bond distances will 
be dependent on the electronic effects of the B ring. 
5. Vibrational frequencies of the carbonyl bond of the coordinated 
flavonolates will be shifted to lower energies compared to that in the free 
flavonols. The bathochromic shift will demonstrate the electronic and 
steric effects of the B ring substitutions. 
6. A binding stoichiometry of Al(III):flavonolate= 1:2 will be obtained for 





2.1 Materials for synthesis and metal binding studies 
Ru(III) chloride trihydrate (Pressure Chemicals, Johnson Matthey), Al(III) 
chloride (Sigma-Aldrich), NaOCH3 (Sigma-Aldrich), NaH (Fisher), Na2SO4 (Fisher 
Scientific), MgSO4 (Sigma-Aldrich), NaOH (Sigma-Aldrich), KOH (Sigma-Aldrich) 
chromone (Sigma-Aldrich), 2-hydroxyacetophenone (Sigma-Aldrich), 2-
methylbenzaldehyde (Sigma-Aldrich), 3-methylbenzaldehyde (Sigma-Aldrich), 4-
methylbenzaldehyde (Sigma-Aldrich), 4-methoxybenzaldehyde (Sigma-Aldrich), 4-
nitrobenzaldehyde (Sigma-Aldrich), 2,6-dimethylbenzaldehyde (Sigma-Aldrich), α-
phellandrene (Sigma-Aldrich), 30% H2O2 (Sigma-Aldrich) and silica gel (Fisher 
Scientific) were used as received. Ferrocene was purified by sublimation. THF was 
obtained from VWR and distilled from Na/K alloy. Methylene chloride was obtained 
from VWR and distilled from molecular sieves. Hexanes, ethanol, chloroform, ethyl 
acetate, acetone (VWR), methanol (Fisher Scientific), tetramethylsilane (Sigma-Aldrich) 
and CDCl3 (Sigma-Aldrich) were used as received.   
2.2 Physical techniques and instrumentation 
Melting points were determined with a Mel-Temp apparatus and are uncorrected. 
Nuclear magnetic resonance (NMR) spectra were obtained on Bruker Avance III 600 
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MHz or 300 MHz spectrometers at ambient temperatures. All NMR spectra were 
obtained in CDCl3 and chemical shifts reported are referenced to internal 
tetramethylsilane (TMS). The IR spectra were recorded on a Thermo Nicolet 6700 FT-
IR-ATR spectrometer at room temperature. UV-Vis absorption spectra in MeOH were 
recorded on a double-beam Shimadzu UV-2550 spectrometer using standard 1.00 cm 
quartz cells. X-ray diffraction studies were performed with single crystals on a Bruker 
Smart1000 diffractometer upgraded with an ApexII detector using MoKα radiation (λ = 
0.71073 Å) at 100 K. The structures were solved and refined by Bruker ApexII 
crystallographic software which uses aspects of SHELX.37 Electrochemical data were 
obtained with a Princeton Applied Research Potentiostat/ Galvanostat Model 273A 
driven by a PC with M273 software. A one compartment cell with a standard three 
electrode configuration was used for cyclic voltammetry experiments. Cyclic 
voltammograms of 10-3 M solutions of the compounds were recorded with a Pt electrode 
as the working electrode, 0.1 M TEAP as the supporting electrolyte, Ag wire as the 
pseudo reference electrode and Pt as the auxiliary electrode in propylene carbonate. All 
electrochemical experiments were done under an argon atmosphere at room temperature. 




2.3 Synthesis of flavonols and ruthenium Complexes 
 Labeling of interested B ring substituted flavonols 
Table 2.1 B ring substituted flavonols investigated 
 
Compound 2ʹ 3ʹ 4ʹ 5ʹ 6ʹ 
1a H H H H H 
1b CH3 H H H H 
1c H CH3 H H H 
1d H H CH3 H H 
1e H H CH3O H H 
1f CH3 H H H CH3 
1g H H NO2 H H 
 
 2ʹ-Methylflavonol (1b), 3ʹ-methylflavonol (1c), 4ʹ-methylflavonol (1d) and 
4ʹ-methoxyflavonol (1e) 
 




Flavonols (1b to 1e) were synthesized according to literature procedures,38 and 
were characterized by 1H NMR spectroscopy, IR spectroscopy and melting point. All 
spectroscopic and physical data agreed with those in the literature. Crystals of 4ʹ-
methylflavonol and 4ʹ-methoxyflavonol were grown by vapor diffusion of hexanes into 
EtOAc solutions. The crystal structures are shown in Figures 2.1 and 2.2. The crystal data 
and structure solution parameters are given in Tables 2.2 and 2.3.  
 
Figure 2.1 Crystal structure (thermal ellipsoids at 50% probability) of 4ʹ- 
methylflavonol (1d) 
 




Table 2.2 Crystal data and structure refinement for 4ʹ-methylflavonol (1d): 
Empirical formula  C16 H12 O3 
Formula weight  252.26 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21/n 
Unit cell dimensions a = 13.2017(14) Å α = 90°. 
 b = 5.1289(5) Å β = 109.0650(10)°. 
 c = 18.6147(19) Å γ = 90°. 
Volume 1191.3(2) Å3 
Z 4 
Density (calculated) 1.407 Mg/m3 
Absorption coefficient 0.097 mm-1 
F(000) 528 
Crystal size 0.18 x 0.18 x 0.08 mm3 
Theta range for data collection 1.66 to 28.21°. 
Index ranges -16<=h<=16, -6<=k<=6, -24<=l<=23 
Reflections collected 13846 
Independent reflections 2849 [R(int) = 0.0330] 
Completeness to theta = 28.21° 97.1 %  
Max. and min. transmission 0.9904 and 0.9809 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2849 / 0 / 177 
Goodness-of-fit on F2 1.055 
Final R indices [I>2sigma(I)] R1 = 0.0403, wR2 = 0.0968 
R indices (all data) R1 = 0.0553, wR2 = 0.1063 





Table 2.3 Crystal data and structure refinement for 4ʹ-methoxyflavonol (1e): 
Empirical formula  C16 H12 O4 
Formula weight  268.26 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21/c 
Unit cell dimensions a = 11.174(2) Å α = 90°. 
 b = 4.9486(9) Å β = 94.435(2)°. 
 c = 21.678(4) Å γ = 90°. 
Volume 1195.2(4) Å3 
Z 4 
Density (calculated) 1.491 Mg/m3 
Absorption coefficient 0.108 mm-1 
F(000) 560 
Crystal size 0.26 x 0.05 x 0.05 mm3 
Theta range for data collection 1.83 to 28.75°. 
Index ranges -15<=h<=14, -6<=k<=6, -29<=l<=28 
Reflections collected 14096 
Independent reflections 2938 [R(int) = 0.0580] 
Completeness to theta = 28.75° 94.4 %  
Max. and min. transmission 0.9946 and 0.9726 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2938 / 0 / 186 
Goodness-of-fit on F2 1.020 
Final R indices [I>2sigma(I)] R1 = 0.0463, wR2 = 0.0923 
R indices (all data) R1 = 0.0853, wR2 = 0.1084 
Largest diff. peak and hole 0.247 and -0.284 e.Å-3 
 
 2ʹ,6ʹ-Dimethylflavonol / [3-hydroxy-2-(2,6-dimethylphenyl)-chromen-4(1H)-
one] (1f) 
An aqueous solution of NaOH (60%, 40 ml) was slowly added to a solution of 2ʹ-
hydroxyacetophenone (1.09 g) in MeOH (40 ml) at room temperature. The temperature 
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of the solution was increased, and the solution was stirred and allowed to come to room 
temperature. 2,6-Dimethylbenzaldehyde (1.34 g) was added to the above mixture and 
stirred at room temperature for 4 hrs. This reaction mixture was poured on-to ice (100 g) 
and the pH was adjusted to 2 with 3 M HCl. The precipitate was collected by filtration 
and dissolved in CHCl3 (100 ml). The solution was washed with 5% NaHCO3 solution (2 
x 25 ml). The organic layer was collected and dried over Na2SO4. 2ʹ-Hydroxy-2,6-
dimethylchalcone was obtained by solvent evaporation and recrystallized from EtOH. 1H 
NMR (CDCl3, 300 MHz): δ ppm 2.43 (s, 6H, CH3), 6.93 (dd, 1H, J = 8.4, 7.0 Hz, H4ʹ), 
7.05 (d, 1H, J = 8.4, Hz, H3ʹ), 7.11-7.19 (m, 3H, H3, H5, H4), 7.31 (d, 1H, J = 15.8 Hz, 
C=CH), 7.51 (dd, 1H, J = 8.1, 7.0, Hz, H5ʹ), 7.81 (d, 1H, J = 8.1, Hz, H6ʹ), 8.08 (d, 1H, J 
= 15.8 Hz, C=CH), 12.79 (s, OH). The chalcone was used for the synthesis of 2ʹ,6ʹ-
dimethylflavonol. 1 ml of 30% H2O2 was added to an ice-cold suspension of 2ʹ-hydroxy-
2,6-dimethylchalcone ( 0.25 g) in EtOH (5 ml) and 1 M NaOH (2 ml). The mixture was 
allowed to warm to room temperature. The reaction was stirred at room temperature 
overnight. The reaction mixture was slightly acidified with 1 M HCl and the resulting 
precipitate was collected by filtration and recrystallized from ethanol. 1H NMR (CDCl3, 
300 MHz): δ ppm 2.53 (s, 6H, CH3), 7.04 (d, 1H, J = 8.5 Hz, H8), 7.09-7.17 (m, 3H, H3ʹ, 
H5ʹ, H4ʹ), 7.19 (dd, 1H, J = 8.5, 7.7 Hz, H7), 7.56 (dd, 1H, J = 7.9, 7.7 Hz, H6), 7.95 (d, 
1H, J = 7.9 Hz, H5). 13C NMR (CDCl3, 600 MHz) δ 19.7 (CH3), 118.5, 121.4, 124.6, 
125.6, 127.7, 129.5, 130.3, 133.6, 137.7, 138.7, 147.4, 156.2, 173.2 (C=O). MS (ESI+) 
m/z: 267.1041 [C17H15O3 (M+H) requires 267.1021]. The crystals of 1f were grown by 
cooling a concentrated solution of 1f in MeOH. Figure 2.3 contains the crystal structure 










Table 2.4 Crystal data and structure refinement for 2ʹ,6ʹ-dimethylflavonol (1f): 
Empirical formula  C17 H14 O3 
Formula weight  266.28 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  orthorhombic 
Space group  P21/c 
Unit cell dimensions a = 10.6915(11) Å α = 90°. 
 b = 7.3158(8) Å β = 91.6420(10)°. 
 c = 16.9033(18) Å γ = 90°. 
Volume 1321.6(2) Å3 
Z 4 
Density (calculated) 1.338 Mg/m3 
Absorption coefficient 0.091 mm-1 
F(000) 560 
Crystal size 0.32 x 0.12 x 0.11 mm3 
Theta range for data collection 1.91 to 27.21°. 
Index ranges -13<=h<=13, -9<=k<=9, -21<=l<=21 
Reflections collected 14637 
Independent reflections 2945 [R(int) = 0.0277] 
Completeness to theta = 27.21° 99.7 %  
Max. and min. transmission 0.9900 and 0.9714 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2945 / 0 / 187 
Goodness-of-fit on F2 1.046 
Final R indices [I>2sigma(I)] R1 = 0.0396, wR2 = 0.0925 
R indices (all data) R1 = 0.0541, wR2 = 0.0993 
Largest diff. peak and hole 0.184 and -0.192 e.Å-3 
 
 4ʹ-Nitroflavonol / [3-hydroxy-2-(4-nitrophenyl)-chromen-4(1H)-one] (1g) 
The intermediate 2ʹ-hydroxy-4-nitrochalcone was synthesized according to the 
literature procedure.39 A suspension of 0.27 g of 2ʹ-hydroxy-4-nitrochalcone in EtOH (5 
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ml) and 1 M NaOH (2 ml) was cooled to 0 °C, and 30% H2O2 was added dropwise until a 
permanent color change (dark brown to yellow) was observed. The reaction mixture was 
allowed to warm to room temperature and stirred overnight. The solution was slightly 
acidified with 1 M HCl, and the resulting precipitate was collected by filtration and 
recrystallized from MeOH.1H NMR (CDCl3, 300 MHz): δ ppm 7.48 (dd, 1H, J = 7.8, 7.5 
Hz, H6), 7.64 (d, 1H, J = 8.5, H8), 7.78 (dd, 1H, J = 8.5, 7.8 Hz, H7), 8.28 (d, 1H, J = 
7.5, H5), 8.39 (d, 2H, J = 9.0, H3ʹ, H5ʹ), 8.48 (d, 2H, J = 9.0 Hz, H2ʹ, H6ʹ). The crystal 
structure of 1g is given in Figure 2.4 and structure refinement parameters are given in 
Table 2.5.  
 






Table 2.5 Crystal data and structure refinement for 1g: 
Empirical formula  C15 H9 N O5 
Formula weight  283.23 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21/n 
Unit cell dimensions a = 13.764(2) Å α = 90°. 
 b = 5.0271(9) Å β = 110.686(2)°. 
 c = 18.729(3) Å γ = 90°. 
Volume 1212.4(4) Å3 
Z 4 
Density (calculated) 1.552 Mg/m3 
Absorption coefficient 0.119 mm-1 
F(000) 584 
Crystal size 0.29 x 0.13 x 0.05 mm3 
Theta range for data collection 1.60 to 28.46°. 
Index ranges -17<=h<=17, -6<=k<=6, -24<=l<=24 
Reflections collected 13581 
Independent reflections 2895 [R(int) = 0.0694] 
Completeness to theta = 28.46° 94.5 %  
Max. and min. transmission 0.9941 and 0.9663 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2895 / 0 / 194 
Goodness-of-fit on F2 1.016 
Final R indices [I>2sigma(I)] R1 = 0.0510, wR2 = 0.0984 
R indices (all data) R1 = 0.1044, wR2 = 0.1174 




 Synthesis of ruthenium complexes of flavonols 
2.3.5.1 Synthesis of Di-µ-chloro-bis[chloro(ƞ6-1-isopropyl-4-methyl-
benzene)ruthenium(II)] 
Di-µ-chloro-bis[chloro(ƞ6-1-isopropyl-4-methyl-benzene)ruthenium(II)] was 
synthesized according to the literature,40 and characterized by 1H NMR spectroscopy, 13C 
NMR spectroscopy and IR spectroscopy. 1H NMR and IR data agreed with literature 
values. 13C NMR δ ppm 18.9 (CH3), 22.2 (CH3), 30.6 (CH), 80.6 (C2, C6), 81.3 (C3, C5), 
96.8 (C1), 101.3 (C4). 
2.3.5.2 Synthesis and characterization of ruthenium complexes of B ring 
substituted flavonols 
2.3.5.2.1 Synthesis of ruthenium complexes of B ring substituted flavonols 
A solution of flavonol (0.2 mmol) and NaH or NaOMe (0.25 mmol) was stirred in 
10 ml of THF or MeOH for 30 min under Ar. The mixture was filtered under Ar and 
added to a solution of di-µ-chloro-bis[chloro(ƞ6-1-isopropyl-4-methyl-
benzene)ruthenium(II)] (0.1 mmol) in THF or CH2Cl2. The reaction mixture was stirred 
for 19 hr and evaporated under vacuum. The crude product was purified by precipitation 




Scheme 2.2 Synthesis of ruthenium(II) complexes of B ring substituted flavonols 
 
2.3.5.2.2 Ruthenium complex of 3-hydroxyflavone/ flavonol (2a) 
NaOMe (0.25 mmol, 0.013 g) was used as the base and the reaction was 
performed in MeOH and CH2Cl2 (0.079 g, 78 % yield), mp 202-203 °C (dec). 1H NMR 
(CDCl3, 600 MHz) δ ppm 1.41 (d, 3H,CH3 ( i-propyl)), 1.40 (d, 3H, CH3(i-propyl)), 2.40 (s, 3H, 
CH3), 3.00 (m, 1H, CH), 5.37 (m, 2H, CH*2 cym), 5.64 (m, 2H, CH*2 cym), 7.31 (dd, 1H, J 
= 7.6, 7.3 Hz, H6), 7.37 (m, 1H, H4ʹ), 7.46 (dd, 2H, J = 7.6, 7.1 Hz, H3ʹ, 5ʹ), 7.54 (d, 1H, 
J = 8.5 Hz, H8), 7.58 (dd, 1H, J = 8.5, 7.6 Hz, H7), 8.20 (d, 1H, J = 7.3 Hz, H5), 8.58 (d, 
2H, J = 7.1 Hz, H2ʹ, 6ʹ). 13C NMR   δ ppm 18.7, 22.4, 22.7, 31.3, 77.9, 78.0, 96.0, 98.9, 
117.8, 120.1, 124.0, 124.6, 127.3, 128.2, 129.2, 132.6, 149.2, 153.9, 154.6, 183.3 (C=O). 
IR ʋ 1534, 1494, 1422, 1229, 1212, 1152, 1075 cm-1. UV-Vis, Ɛ = 1.40 x 104 l mol-1 cm-1 
(445 nm) MS (ESI+) m/z: 473.0682 [C25H23O3Ru (M- Cl) requires 473.0691].  
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2.3.5.2.3 Ruthenium complex of 2ʹ-methylflavonol (2b) 
The reaction was performed in MeOH and CH2Cl2 using NaOMe (0.25 mmol, 
0.013 g) as the base (0.057 g, 55 % yield), mp 200-202 °C (dec). 1H NMR (CDCl3, 600 
MHz) δ ppm 1.34 (d, 3H,CH3(i-propyl)), 1.36 (d, 3H, CH3(i-propyl)), 2.34 (s, 3H, CH3cym), 2.46 
(s, 3H, CH3), 2.95 (m, 1H, CHcym), 5.32 (m, 2H, CH*2cym), 5.58 (d, 1H, CHcym), 5.60 (d, 
1H, CHcym), 7.20-7.30 (m, 1H, H3ʹ), 7.28 (dd, 1H, J = 7.9, 6.9 Hz, H4ʹ), 7.32 (dd, 1H, J = 
7.4, 6.9 Hz, H5ʹ), 7.33 (dd, 1H, J = 8.0, 7.7 Hz, H6), 7.45 (d, 1H, J = 8.5 Hz, H8), 7.57 
(dd, 1H, J = 8.5, 7.7 Hz, H7), 7.83 (d, 1H, J = 7.4 Hz, H6ʹ), 8.23 (d, 1H, J = 8.0 Hz, H5). 
13 C NMR (CDCl3, 600 MHz) δ ppm 18.7, 21.1, 22.3, 22.8, 31.2, 77.5, 78.3, 80.1, 81.4, 
95.8, 98.8, 117.9, 120.2, 124.1, 124.7, 125.3, 129.5, 130.6, 130.8, 131.4, 132.4, 138.3, 
151.9, 153.8, 154.5, 183.5 (C=O). IR ʋ 1545, 1504, 1457, 1214, 1198, 1154, 1107 cm-1. 
UV-Vis Ɛ = 2.65 x 103 l mol-1 cm-1 (424 nm). MS (ESI+) m/z: 487.0865 [C26H25O3Ru (M- 
Cl) requires 487.0847]. The crystals were grown by vapor diffusion of hexanes into 
EtOAc solution. The crystal structure is shown in Figure 2.5, and crystal data and 
structure solution parameters are given in Table 2.6. 
2.3.5.2.4 Ruthenium complex of 3ʹ-methylflavonol (2c) 
The complex 2c was synthesized in THF using NaH (0.25 mmol, 0.006 g) as the 
base. The product was recovered as a red powder (0.067 g, 65 %), mp 203-205 °C (dec). 
1H NMR (CDCl3, 600 MHz) δ ppm 1.43 (d, 3H, CH3(i-propyl)), 1.44 (d, 3H, CH3(i-propyl), 
2.41 (s, 3H, CH3cym), 2.44 (s, 3H, CH3), 3.01 (m, 1H, CH), 5.35 (d, 1H, CHcym), 5.37 (d, 
1H, CHcym), 5.65 (d, 1H, CHcym), 5.66 (d, 1H, CHcym), 7.20 (d, 1H, J = 7.5 Hz, H4ʹ), 7.31 
(dd, 1H, J = 8.1, 7.6 Hz, H6), 7.35 (dd, 1H, J = 7.9, 7.5 Hz, H5ʹ), 7.55 (d, 1H, J = 8.3 Hz, 
H8), 7.58 (dd, 1H, J = 8.3, 7.6 Hz, H7), 8.20 (d, 1H, J = 8.1 Hz, H5), 8.37 (d, 1H, J = 7.9 
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Hz, H6ʹ), 8.43 (s, 1H, H2ʹ). 13C NMR (CDCl3, 600 MHz) δ ppm 18.7, 21.7, 22.4, 22.8, 
31.3, 77.8, 78.1, 81.0, 81.6, 95.9, 98.6, 117.9, 120.1, 124.0, 124.5, 124.6, 127.9, 128.1, 
130.2, 132.4, 132.5, 137.6, 149.4, 153.8, 154.5, 183.2 (C=O). IR ʋ 1530, 1491, 1419, 
1249, 1211, 1190, 1142, 1087 cm-1. UV-Vis Ɛ = 9.98 x 103 l mol-1 cm-1 (445 nm). MS 
(ESI+) m/z: 487.0743 [C26H25O3Ru (M- Cl) requires 487.0847]. The crystals were grown 
by vapor diffusion of hexanes into EtOAc, and crystal structure and solution parameters 
of 2c are given in Figure 2.6 and Table 2.7. 
 










Table 2.6   Crystal data and structure refinement for 2b: 
Empirical formula  C26 H25 Cl O3 Ru 
Formula weight  521.98 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.8716(10) Å α = 70.7190(10)° 
 b = 11.6206(14) Å β = 83.9200(10)° 
 c = 12.9474(16) Å γ = 78.333(2)° 
Volume 1093.8(2) Å3 
Z 2 
Density (calculated) 1.585 Mg/m3 
Absorption coefficient 0.865 mm-1 
F(000) 532 
Crystal size 0.14 x 0.12 x 0.05 mm3 
Theta range for data collection 1.67 to 26.43°. 
Index ranges -9<=h<=9, -14<=k<=14, -16<=l<=16 
Reflections collected 12251 
Independent reflections 4459 [R(int) = 0.0499] 
Completeness to theta = 26.43° 99.4 %  
Max. and min. transmission 0.9580 and 0.9185 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4459 / 0 / 284 
Goodness-of-fit on F2 0.993 
Final R indices [I>2sigma(I)] R1 = 0.0393, wR2 = 0.0847 
R indices (all data) R1 = 0.0550, wR2 = 0.0911 





Table 2.7 Crystal data and structure refinement for 2c: 
Empirical formula  C26 H25 Cl O3 Ru 
Formula weight  521.98 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21/n 
Unit cell dimensions a = 10.1021(7) Å α = 90°. 
 b = 9.5322(7) Å β = 95.6490(10)°. 
 c = 23.2289(17) Å γ = 90°. 
Volume 2226.0(3) Å3 
Z 4 
Density (calculated) 1.558 Mg/m3 
Absorption coefficient 0.850 mm-1 
F(000) 1064 
Crystal size 0.29 x 0.18 x 0.07 mm3 
Theta range for data collection 1.76 to 28.66°. 
Index ranges -13<=h<=13, -12<=k<=12, -31<=l<=31 
Reflections collected 26654 
Independent reflections 5421 [R(int) = 0.0264] 
Completeness to theta = 28.66° 94.6 %  
Max. and min. transmission 0.9429 and 0.7906 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5421 / 0 / 284 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0253, wR2 = 0.0569 
R indices (all data) R1 = 0.0316, wR2 = 0.0595 
Largest diff. peak and hole 0.699 and -0.619 e.Å-3 
 
2.3.5.2.5 Ruthenium complex of 4ʹ-methylflavonol (2d) 
4ʹ-Methylflavonol was deprotonated using NaOMe (0.25 mmol, 0.013 g), and 
synthesis was performed in MeOH and CH2Cl2. The complex 2d was obtained as a red 
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solid (0.066g, 63 % yield), mp 200-202 °C (dec). 1H NMR (CDCl3, 600 MHz) δ ppm 
1.39 (d, 3H, CH3(i-propyl)), 1.41 (d, 3H, CH3(i-propyl)), 2.40 (s, 3H, CH3cym), 2.42 (s, 3H, 
CH3), 2.99 (m, 1H, CHcym), 5.36 (d, 1H, CHcym), 5.37 (d, 1H, CHcym), 5.63 (d, 1H, 
CHcym), 5.64 (d, 1H, CHcym), 7.27 (d, 2H, J = 8.0 Hz, H3ʹ, H5ʹ), 7.31 (dd, 1H, J = 7.9, 7.3 
Hz, H6), 7.53 (d, 1H, J = 8.4 Hz, H8), 7.57 (dd, 1H, J = 8.4, 7.3 Hz, H7), 8.20 (d, 1H, J = 
7.9 Hz, H5), 8.50 (d, 2H, J = 8.0 Hz, H2ʹ, H6ʹ) 13C NMR (CDCl3, 600 MHz) δ ppm 18.7, 
21.6, 22.4, 22.7, 31.3, 77.8, 78.0, 80.8, 81.1, 96.0, 98.9, 117.8, 120.1, 124.0, 124.5, 127.4, 
129.0, 129.7, 132.3, 139.6, 149.8, 153.8, 154.2, 182.8 (C=O). IR ʋ 1534, 1491, 1424, 
1254, 1210, 1152, 1111 cm-1. UV-Vis, Ɛ = 1.08 x 104 l mol-1 cm-1 (448 nm). MS (ESI+) 
m/z: 487.0794 [C26H25O3Ru (M- Cl) requires 487.0847]. The crystals of 2d were grown 
by slow evaporation of hexanes into EtOAc. The crystal structure is shown in Figure 2.7, 
and crystal data and structure refinement parameters are given in Table 2.8. 
2.3.5.2.6 Ruthenium complex of 4ʹ-methoxyflavonol (2e) 
The complex 2e was synthesized in THF using NaH (0.25 mmol, 0.006 g) as base. 
The product was recovered as an orange powder by precipitation (0.082 g, 82 % yield), 
mp 205-207 °C (dec). 1H NMR (CDCl3, 600 MHz) δ ppm 1.40 (d, 3H, CH3(i-propyl)), 1.41 
(d, 3H, CH3(i-propyl)), 2.40 (s, 3H, CH3), 3.00 (m, 1H, CHcym), 3.89 (s, 3H, OCH3) 5.36 (d, 
1H, CHcym), 5.37 (d, 1H, CHcym), 5.63 (d, 1H, CHcym), 5.64 (d, 1H, CHcym), 7.00 (d, 2H, J 
= 9.0 Hz, H3ʹ, 5ʹ), 7.31 (dd, 1H, J = 8.0, 7.6 Hz, H6), 7.52 (d, 1H, J = 8.3 Hz, H8), 7.56 
(dd, 1H, J = 8.3, 7.6 Hz, H7), 8.20 (d, 1H, J = 8.0 Hz, H5), 8.58 (d, 2H, J = 9.0 Hz, H2ʹ, 
6ʹ). 13C NMR (CDCl3, 600 MHz)  δ ppm 18.7, 22.4, 22.7, 31.3, 55.4, 77.8, 78.0, 80.7, 
81.1, 95.9, 98.8, 113.7, 117.7, 120.2, 123.9, 124.5, 125.3, 125.3, 129.2, 132.1, 149.9, 
153.6, 153.7, 160.6, 182.3 (C=O). IR ʋ 1533, 1487, 1418, 1244, 1210, 1157 cm-1. UV-
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Vis, Ɛ = 1.11 x 104 l mol-1 cm-1 (452 nm). MS (ESI+) m/z: 503.0800 [C26H25O4Ru (M- Cl) 
requires 503.0796]. The crystals of 2e were grown by vapor diffusion of hexanes into 
EtOAC. The crystal structure of 2e is shown in Figure 2.8, and crystal data and structure 
solution parameters are given in Table 2.9. 
 










Table 2.8  Crystal data and structure refinement for 2d: 
Empirical formula  C26 H25 Cl O3 Ru 
Formula weight  521.98 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21/n 
Unit cell dimensions a = 13.8826(17) Å α = 90°. 
 b = 7.4157(9) Å β = 94.4480(10)°. 
 c = 21.129(3) Å γ = 90°. 
Volume 2168.6(5) Å3 
Z 4 
Density (calculated) 1.599 Mg/m3 
Absorption coefficient 0.872 mm-1 
F(000) 1064 
Crystal size 0.31 x 0.24 x 0.18 mm3 
Theta range for data collection 1.70 to 28.58°. 
Index ranges -18<=h<=18, -9<=k<=9, -27<=l<=27 
Reflections collected 25331 
Independent reflections 5206 [R(int) = 0.0277] 
Completeness to theta = 28.58° 94.0 %  
Max. and min. transmission 0.9178 and 0.9178 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5206 / 0 / 284 
Goodness-of-fit on F2 1.113 
Final R indices [I>2sigma(I)] R1 = 0.0266, wR2 = 0.0635 
R indices (all data) R1 = 0.0312, wR2 = 0.0657 





Table 2.9 Crystal data and structure refinement for 2e: 
Empirical formula  C26 H25 Cl O4 Ru 
Formula weight  537.98 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.4057(6) Å α = 73.1000(10)°. 
 b = 14.5631(8) Å β = 82.9700(10)°. 
 c = 15.4230(8) Å γ = 69.3420(10)°. 
Volume 2293.0(2) Å3 
Z 4 
Density (calculated) 1.558 Mg/m3 
Absorption coefficient 0.831 mm-1 
F(000) 1096 
Crystal size 0.25 x 0.24 x 0.21 mm3 
Theta range for data collection 1.55 to 28.67°. 
Index ranges -15<=h<=15, -19<=k<=19, -20<=l<=20 
Reflections collected 27202 
Independent reflections 10837 [R(int) = 0.0204] 
Completeness to theta = 28.67° 91.6 %  
Max. and min. transmission 0.7323 and 0.7323 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10837 / 0 / 585 
Goodness-of-fit on F2 1.105 
Final R indices [I>2sigma(I)] R1 = 0.0267, wR2 = 0.0774 
R indices (all data) R1 = 0.0308, wR2 = 0.0795 
Largest diff. peak and hole 0.943 and -0.712 e.Å-3 
 
2.3.5.2.7 Ruthenium complex of 2ʹ,6ʹ-dimethylflavonol (2f) 
2ʹ,6ʹ-Dimethylflavonol was deprotonated using NaH (0.25 mmol, 0.006 g) in THF 
and allowed to react with ruthenium cymene complex in THF under Ar. Ruthenium 
 
42 
complex of 2ʹ,6ʹ-dimethylflavonol was recovered by precipitation with EtOAc/ hexane 
(0.059 g, 55 % yield), mp 206-208 °C (dec). 1H NMR (CDCl3, 600 MHz) δ ppm 1.31 (d, 
3H, CH3cym( i-propyl)),1.32 (d, 3H, CH3cym(i-propyl)), 1.55 (s, 6H, 2ʹ and 6ʹ-CH3), 2.32 (s, 3H, 
CH3cym), 2.91 (m, 1H, CHcym), 5.27 (d, 1H, CHcym), 5.32 (d, 1H, CHcym),  5.54 (d, 1H, 
CHcym), 5.58 (d, 1H, CHcym), 7.11 (t, 1H, J = 7.6 Hz, H4ʹ), 7.24 (d, 2H, J = 7.6 Hz, H3ʹ, 
H5ʹ), 7.35 (dd, 1H, J = 8.2, 7.7 Hz, H6), 7.43 (d, 1H, J = 8.5 Hz, H8), 7.57 (dd, 1H, J = 
8.5, 7.7 Hz, H7), 8.26 (d, 1H, J = 8.2 Hz, H5). 13C NMR (CDCl3, 600 MHz) δ ppm 18.7, 
20.1, 20.5, 22.3, 22.6, 31.1, 77.1, 77.8, 80.1, 80.9, 96.3, 99.0, 118.0, 120.3, 124.6, 124.8, 
127.1, 127.7, 127.8, 129.5, 131.0, 132.4, 137.9, 139.7, 152.0, 154.0, 154.9. IR ʋ 1553, 
1506, 1455, 1428, 1312, 1207, 1141, 1114 cm-1. UV-Vis, Ɛ = 2.69 x 103 l mol-1 cm-1 (409 
nm). MS (ESI+) m/z: 501.0839 [C27H27O3Ru (M- Cl) requires 501.1004]. The crystals of 
2f were grown by vapor diffusion of hexanes into EtOAc. The crystal structure for 2f is 
shown in Figure 2.9 and crystal data is given in Table 2.10. 
 




Table 2.10 Crystal data and structure refinement for 2f: 
Empirical formula  C27 H27 Cl O3 Ru 
Formula weight  536.01 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21/c 
Unit cell dimensions a = 22.602(2) Å α = 90° 
 b = 14.8609(14) Å β = 94.5070(10)° 
 c = 14.0303(13) Å γ = 90° 
Volume 4697.9(8) Å3 
Z 8 
Density (calculated) 1.516 Mg/m3 
Absorption coefficient 0.808 mm-1 
F(000) 2192 
Crystal size 0.06 x 0.09 x 0.25 mm3 
Theta range for data collection 2.24 to 27.02°. 
Index ranges -28<=h<=28, -19<=k<=18, -17<=l<=18 
Reflections collected 54243 
Independent reflections 9917 [R(int) = 0.0789] 
Completeness to theta = 27.19° 98.8 %  
Max. and min. transmission 0.9236 and 0.9236 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10329 / 0 / 587 
Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0395, wR2 = 0.0734 
R indices (all data) R1 = 0.0671, wR2 = 0.0816 
Largest diff. peak and hole 1.015 and -0.750 e.Å-3 
 
2.3.5.2.8 Ruthenium complex of 4ʹ-nitroflavonol (2g) 
The complex 2g was synthesized in THF using NaH (0.25 mmol, 0.006 g) base. 
The product was recovered as a pink powder by recrystallization from THF/ hexanes (0. 
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088 g, 82 % yield), mp 205-207 °C (dec). 1H NMR (CDCl3, 600 MHz) δ ppm 1.43 (d, 
3H, CH3(i-propyl)), 1.44 (d, 3H, CH3(i-propyl)), 2.42 (s, 3H, CH3), 3.01 (m, 1H, CHcym), 5.41 
(d, 1H, CHcym), 5.42 (d, 1H, CHcym), 5.68 (d, 1H, CHcym), 5.69 (d, 1H, CHcym), 7.36 (dd, 
1H, J = 8.0, 7.3 Hz, H6), 7.57 (d, 1H, J = 8.5 Hz, H8), 7.67 (dd, 1H, J = 8.5, 7.3 Hz, H7), 
8.21 (d, 1H, J = 8.0 Hz, H5), 8.30 (d, 1H, J = 9.2 Hz, H3ʹ, H5ʹ), 8.74 (d, 2H, J = 9.2 Hz, 
H2ʹ, 6ʹ). 13C NMR (CDCl3, 600 MHz)  δ ppm 18.7, 22.4, 22.7, 31.3, 55.4, 77.8, 78.0, 
80.7, 81.1, 95.9, 98.8, 113.7, 117.7, 120.2, 123.9, 124.5, 125.3, 125.3, 129.2, 132.1, 
149.9, 153.6, 153.7, 160.6, 182.3 (C=O). IR ʋ 1533, 1487, 1418, 1244, 1210, 1157 cm-1. 
UV-Vis, Ɛ = 1.11 x 104 l mol-1 cm-1 (452 nm). MS (ESI+) m/z: 503.0800 [C26H25O4Ru 
(M- Cl) requires 503.0796].  
2.3.5.3 Synthesis of 3-hydroxychromone 
3-Hydroxychromone was synthesized according to the literature,41 and 
characterized by 1H NMR spectroscopy, 13C NMR spectroscopy and IR spectroscopy. 1H 
NMR and IR data agreed with literature values. 
2.4 Al3+ binding studies 
UV-Vis spectroscopy was used to study the equilibrium between AlCl3 and 
flavonols. AlCl3 solutions were prepared in MeOH and standardized according to the 
literature.42 Afterwards, AlCl3 and flavonol solutions (4.0 x 10-5 M) were prepared in 
pure methanol, and experiments were performed according to the mole ratio method and 
Job’s method to determine the binding stoichiometry between the Al3+ and flavonol.29a In 
the mole ratio method, a constant volume (3.0 ml) of flavonol solution (4.0 x 10-5 M) was 
mixed with variable volumes (0.5 – 7.0 ml ) of AlCl3 solution (4.0 x 10-5 M) . A constant 
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total volume (10.0 ml) was made up with pure methanol. In Job’s method, variable 
volumes (0.0 – 10.0 ml) of equimolar solutions (4.0 x 10-5 M) of AlCl3 and flavonol were 
mixed. The absorption spectra were recorded 1 hr after mixing. The concentrations of the 
AlCl3 and flavonol solutions were raised to 1.0 x 10-4 M to use for the determination of 
the binding constants. Three separate mole ratio experiments were performed for selected 
solution systems, and absorption spectra were recorded 1 hr after mixing at 25 °C. Least 




RESULTS AND DISCUSSION 
3.1 Synthesis of B ring substituted flavonols (1b-1g) 
The synthesis of 1b to 1e flavonols were started with a condensation reaction 
between 2-hydroxyacetophenone and the appropriate benzaldehyde.38a 25% aqueous 
NaOH was used as the base with the reaction carried out in EtOH, and the resulting 
chalcone was purified by recrystallization. The cyclization of the chalcone was performed 
according to a method developed by a modification of the Algar Flynn Oyamada 
reaction.43  
In the synthesis of 1f, the general procedure was slightly modified and 60% 
aqueous NaOH was used as the base and the reaction was performed in MeOH. NaH was 
used as the base in the synthesis of 1g, and the reaction was carried out in THF. A similar 
work up procedure was used to cyclize the chalcones of 1f and 1g. 
3.2 Synthesis of ruthenium complexes 2a-2g 
The whole reaction was performed under Ar in order to reduce the oxidation of 
the deprotonated flavonolate in the presence of ruthenium. The base NaH or NaOMe was 
used depending on the solubility and the acidity of the flavonol. Di-µ-chloro-
bis[chloro(ƞ6-1-isopropyl-4-methyl-benzene)ruthenium(II)] was introduced in THF when 
NaH was used as the base. The products were not able to be separated using column 
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chromatography due to the instability of the ruthenium complexes in the presence of 
silica. Therefore, the reaction conditions were always optimized in order to increase the 
product yield. 
3.3 Structural analysis of B ring substituted flavonols 
 Hydrogen bonding interactions of B ring substituted flavonols 
An intramolecular hydrogen bonding interaction was observed forming a five 
membered ring for flavonols 1d to 1g. The C=O···H and C-O···H attained optimized 
bond angles to form a five membered ring (Table 3.1). The sum of the Van der Waal’s 
radii for the hydrogen bond and oxygen is 2.72 Å with all the observed intramolecular 
hydrogen bond distances for 1d to 1g less than the sum of the Van der Waal’s radii.44 The 
strongest intramolecular hydrogen bonding interaction was observed in 4ʹ-
methoxyflavonol. The weakest intramolecular hydrogen bonding interaction was 
observed in 2ʹ,6ʹ-dimethylflavonol (1f) among 1d to 1g. The intramolcular hydrogen 
bonding distances are listed in Table 3.2. 
Two types of additional possible intramolecular hydrogen bonding interactions 
were observed for 1d, 1e and 1g. Those additional intramolecular hydrogen bonding 
interactions existed between the ortho hydrogens of the B ring and ether ring oxygen O1 
or hydroxyl group oxygen O3. These intramolecular hydrogen bonding distances are 
slightly shorter than the sum of the Van der Waal’s radii for hydrogen and oxygen. Those 
additional intramolecular hydrogen bonding interactions were not observed in 1f. 
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Table 3.1 Intramolecular hydrogen bonding distances for 1d to 1e 
Compound OH···O=/ Å O-H/ Å H···O=/ Å α/ ° β/ ° γ/ ° 
1a* 2.677 0.96 2.20 82.5 110 109 
1b* 2.765 0.89 2.39 78.8 106 114 
1c* 2.720 0.86 2.30 79.1 111 112 
1d 2.7322(14) 0.89(2) 2.29(2) 79.3 110.4(15) 110.5(13) 
1e 2.6755(18) 0.97(3) 2.12(3) 82.2 115(2) 105.3(16) 
1f 2.7750(13) 0.90(2) 2.35(2) 78.5 109.0(16) 110.9(13) 
1g 2.734(2) 0.96(3) 2.25(3) 80.8 110(2) 109.3 
*ref 18                                                     
 
Table 3.2 Bond angles of the five membered rings for 1d to 1g 
Bond angle/° 1d 1e 1f 1g 
C4-O4-H3 79.3 82.2 78.5 80.8 
O4-H3-O3 110.3 114.4 108.8 110.1 
H3-O3-C3 110.5(13) 105.3(16) 110.9(13) 109.3 
O3-C3-C4 118.08(11) 116.46(15) 119.58(11) 117.5 
C3-C4-O4 121.35(12) 119.74(16) 121.68(12) 123.6(5) 
Total 539.7 538.1 539.5 541.3 
 
The intermolecular hydrogen bonding interactions were observed between two 3-
hydroxy-4-carbonyl units of neighboring molecules of all 1d to 1g flavonols (Figure 3.1). 
The intermolecular hydrogen bonding distances are significantly shorter than the sum of 
the Van der Waal’s radii. Furthermore, these intermolecular interactions were used to 
form dimers in 1d, 1f and 1g. Three molecules were linked by intermolecular hydrogen 
bonding interactions through 3-hydroxy-4-carbonyl units of 1e. The intermolecular 




Figure 3.1 Intermolecular hydrogen bonding interactions observed in flavonols 1d-1g 
 
The C-H···O type intermolecular interactions were also defined as supportive 
intermolecular interactions in crystal structures. Those C-H···O type interactions are also 
considered as hydrogen bonding interactions according to the modern definition of the 
hydrogen bond.45 Since, a hydrogen atom forms a bond between weak to moderate 
electron negative X and A atoms of two structural units in X-H···O interaction, it is 
considered as a weak hydrogen bond.    
The C-H···O type intermolecular hydrogen bonding interactions were observed in 
the structures of 1e and 1g (Figure 3.2). In 1e, C-H···O interactions were observed 
between the C=O and C-H functions of the OCH3 groups. The C-H···O intermolecular 
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hydrogen bonding interactions of 1g occurred between the oxygens of NO2 and C-H 
groups of the A ring.  
The ring ether oxygen O1 was used to form C-H···O intermolecular hydrogen 
bonding interactions with B ring hydrogens in 1f. Additionally, hydroxyl oxygen O3 of 
1f was used as a hydrogen bond acceptor in the C-H···O type intermolecular hydrogen 
bonding interactions. No OH···O type intermolecular hydrogen bonding interactions 
using O1 were observed and also reported for B ring substituted flavonols.18  
 
Figure 3.2 C-H···O interactions of 1e and 1g 
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Table 3.3 Intermolecular hydrogen bonding distances and angles of 1d to 1g flavonols 
 1d 1e 1f 1g 
OH···O=/ Å 2.6920(14) 2.7270(14) 2.6753(14) 2).723(2) 
O-H/ Å 0.89(2) 0.97(3) 0.90(2) 0.96(3) 
H···O=/ Å 1.88(2) 1.85(3) 1.87(2) 1.84(3) 
O-H···O=/ ° 150.3(18) 148(2) 147.6(19) 151(3) 
 
The crystal packing patterns and interactions for 1d to 1g are shown in Figure 3.3. 
Different packing patterns and intermolecular hydrogen bonding interactions were 
observed in the structures 1d to 1g. CH···π interactions and π···π interactions were also 
observed as crystal packing forces in the structures of 1d to 1g flavonols. 
 




 Variation of the dihedral angle (θ) in flavonols for 1d to 1g 
The dihedral angle between the B and the C ring changed upon the substitutions 
made on the B ring (Figure 3.4). The highest dihedral angle was observed in 2ʹ,6ʹ-
dimethylflavonol (1f) which was caused by the steric effects generated from the 2ʹ and 6ʹ 
methyl substitutions made around the inter-ring bond.  A planar B ring orientation or very 
low dihedral angle was expected for the 4ʹ-methylflavonol, because 4ʹ-methyl 
substitution does not produce any steric effects around the inter-ring bond. However, a 
17.9° of dihedral angle was observed in the crystal structure of the 4ʹ-methylflavonol 
(1d). This enhancement of the dihedral angle could be caused by the other crystal 
packing forces such as C-H···π and π···π interactions. The crystal packing forces also 
determine the orientation and alignments of the molecules at their solid state. The 
dihedral angles are listed in the Table 3.4. 
 
Figure 3.4 Dihedral angle (θ) of the flavonols 
 
Table 3.4 Dihedral angles of 1d to 1g flavonols 
Flavonol 1d 1e 1f 1g 
Dihedral 
Angle (θ)/ ° 




 Correlation between the dihedral angle and intramolecular hydrogen 
bonding distance 
A relationship between the dihedral angle and the intramolecular hydrogen 
bonding distance was observed in previously reported crystal structures B ring substituted 
flavonols. 18 A further listing of the dihedral angles and the intramolecular hydrogen 
bonding distances are given in the Table 3.5. 
Table 3.5 Dihedral angles and intramolecular hydrogen bonding distances of B ring 
substituted flavonols 
Compound substitution Dihedral angle (θ)/ ° Intramolecular 
hydrogen bonding 
distance/ Å 
1a - 5.5 2.20 
1b 2ʹ-Me 60.5 2.39 
1c 3ʹ-Me 23.1 2.30 
1d 4ʹ-Me 17.9 2.29 
1e 4ʹ-MeO 13.6 2.12 
1f 2ʹ,6ʹ-Me2 76.4 2.35 
1g 4ʹ-Nitro 15.0 2.25 
 
Generally, an elongation of the intramolecular hydrogen bonding distance was 
observed when the dihedral angle increased in the B ring substituted flavonols. The 
lowest dihedral angle and a short intramolecular hydrogen bonding distance were 
observed in flavonol (1a). However, a longer intramolecular hydrogen bonding distance 
was not observed for 2ʹ,6ʹ-dimethylflavonol than 2ʹ-dimethylflavonol although a higher 
dihedral angle was observed for 2ʹ,6ʹ-dimethylflavonol than 2ʹ-methylflavonol.  
Also, a shorter intramolecular hydrogen bonding distance was observed in 4ʹ-
methoxyflavonol than in flavonol, even though 4ʹ-methylflavonol has a greater dihedral 
angle than flavonol. Both dihedral angle and the intramolecular hydrogen bonding 
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distance are affected by crystal packing forces. Specifically, C-H···π and π···π 
interactions are involved in the orientation of the B ring and caused alterations in the 
dihedral angles of flavonols. The intramolecular hydrogen bonding distances were 
affected by the intermolecular hydrogen bonding interactions in the 3-hydroxy-4-
carbonyl units. Furthermore, the substitutions of different functional groups may change 
the crystal packing forces in those molecules. As an example, C-H···π interactions and 
π···π interactions that occur in 4ʹ-methoxyflavonol are different from the type and the 
strength of those that occur in the flavonol. Therefore, crystal packing forces can 
determine the orientation and alignment for solid state molecules. The dihedral angles vs. 
the intramolecular hydrogen bonding distances for flavonols 1a to 1g were plotted in the 
Figure 3.5. 
 




3.4 Structural analysis of ruthenium-flavonolate complexes 
 Ruthenium-oxygen bonding interactions 
Ru-O bond distances are reported for 2b to 2f in the Table 3.6. A shorter bond 
distance for the Ru-O3 bond was observed than for the Ru-O4 bond. Therefore, the 
hydroxyl function more strongly interacts with the ruthenium metal center than the 
ketone function. Shorter bond lengths for both Ru-O3 and Ru-O4 were observed in the 2e 
complex as compared to the other complexes. The flavonolate in the 2e complex was 
substituted with an electron releasing methoxy group at the 4ʹ position of the B ring, and 
the B ring of 2e is coplanar with the C ring. Therefore, the electronic contribution 
provided from the B ring to the C ring is greater in the 2e complex than the other 
ruthenium complexes. Consequently, the C ring of 2e is electronically rich, and that π 
electron enhancement in the C ring may be responsible for the strong bonding with the 
ruthenium metal center.  
The shortest bond length difference between Ru-O3 and Ru-O4 was observed in 
the complex 2f. However, Ru-O bond distances did not show any significant difference 
depending on the substitution made on the B ring. Generally, the Ru-O3 bond distances 
varied from 2.06 – 2.10 Å, and Ru-O4 bond distances were found in the range of 2.11 – 
2.13 Å for complexes 2b to 2f. 
Table 3.6 Ru-O bond distances and dihedral angle of 2b to 2f 
 2a* 2b 2c 2d 2e 2f 
Ru-O3/ Å 2.085 2.088(2) 2.0865(13) 2.0672(14) 2.0579(14) 2.101(2) 
Ru-O4/ Å 2.122 2.121(2) 2.1181(13) 2.1262(14) 2.1094(14) 2.110(2) 
Dihedral 
angle/ ° 
5.7 49.0 9.9 18.6 7.7 83.9 
*unpublished results by Ben Spears and William P. Henry 
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 Comparison of Ru-O bond distances of Ru-flavonolate complexes with Ru-
hydroxypyronoate complexes 
A significant difference was not observed in the ruthenium-oxygen bond distances 
between the ruthenium-flavonolate and ruthenium-hydroxypyronate complexes. It was 
expected to be observed stronger ruthenium-oxygen bonds in the ruthenium flavonolate 
complexes compared to the ruthenium-hydroxypyronoate complexes since flavonolate 
ligands are better donors than hydroxypyronoates. Relatively, shorter ruthenium-oxygen 
bond distances are only observed in 2e than in the ruthenium-hydroxypyronoate 
complexes. The ruthenium-oxygen bond distances of other flavonolate complexes 
observed in the same region as those were in the hydroxypyranoates. The Ru-O3 bond 
distance varied in the range of 2.078 - 2.099 Å for ruthenium-hydroxypyronate 
complexes, and Ru-O4 bond distances fell in the 2.108 – 2.117 Å range.  
 Bond length variation in the 3-hydroxy-4-carbonyl unit of flavonolate 
ligand 
The bond length variation observed in the 3-hydroxy-4-carbonyl unit of the 
flavonolate ligand is similar to that reported for the 3-hydroxy-4-carbonyl unit of the 3-
hydroxypyronate ligand in the ruthenium complexes.22  Hence, the carbonyl bond (C4-
O4) elongation and hydroxyl bond (C3-O3) contraction were observed in all of the 
flavonolate ligands of the ruthenium complexes. A comparison of the bond distances of 
C4-O4 and C3-O3 between the flavonolate ligand and free flavonol is listed in Table 3.7. 
In all the complexes, the C4-O4 bond distances were found around 1.27 Å, 
whereas C3-O3 bond distances occur in the range from 1.316 to 1.330 Å. A slight 
variation was observed in the C4-O4 and C3-O3 bond distances, and therefore it was not 
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clearly attributed to the B ring substitution effects on the bond distances of ruthenium-
flavonolate by X-ray diffraction studies.   
Table 3.7 Differences (Δ) of C3-O3 and C4-O4 bond distances between Ru-
flavonolate complexes (2a-2f) and flavonols (1a-1f) 
 C4-O4/ Å Δ/ Å C3-O3/ Å Δ/ Å 
   2a * 1.268 +0.036 1.318 -0.039 
1a 1.232 1.357 
2b 1.272 +0.036 1.316 -0.035 
1b 1.236 1.351 
2c 1.273 +0.038 1.330 -0.027 
1c 1.235 1.357 
2d 1.273 +0.026 1.319 -0.034 
1d 1.247 1.353 
2e 1.277 +0.035 1.326 -0.036 
1e 1.242 1.362 
2f 1.274 +0.034 1.328 -0.024 
1f 1.240 1.352 
*unpublished results by Ben Spears and William P. Henry 
3.5 IR spectroscopic characterization of Ru-flavonolate complexes 
The vibrational frequencies were assigned for the carbonyl bonds of the 
flavonolate ligands in the ruthenium complexes. Comparatively, a lower frequency 
number was obtained for the carbonyl bond in the flavonolate relative to that reported for 
the free flavonol (Table 3.8). The vibrational frequency of the complexes shifted by 50-
80 cm-1 towards lower frequencies than the free flavonol due to the formation of the five 
membered chelated ring.46 Therefore, the carbonyl bond weakening or the decrease of the 
bond order of the carbonyl bond is also confirmed by IR spectroscopy. Moreover, the 
ketone bond elongation observed in the X-ray structures is supported by the vibrational 
frequency values. However, the change occurred in the vibrational frequency of C4-O4 is 
lower in 2b and 2f than other complexes. The coordination of the flavonol is 
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characterized by the shift of the vibrational frequency of the C4-O4 bond in the 
complexes, and a small shift for 2b and 2f corresponds to a weak interaction between the 
ruthenium metal center and the carbonyl bond (C4-O4) of the 1b and 1f.    







2a 1534 1601 67 
2b 1545 1608 53 
2c 1530 1613 83 
2d 1534 1604 70 
2e 1536 1601 65 
2f 1553 1612 49 
2g 1533 1595 62 
 
The highest vibrational frequencies were reported for C4-O4 bond in the 
complexes of 2b and 2f.  Except 2b and 2f, a fairly similar change of vibrational 
frequency was reported for the other complexes.  
Table 3.9 AT-IR spectroscopic vibrational frequency values and bond distances of C4-
O4 in 2a to 2g 
 2a 2b 2c 2d 2e 2f 2g 




1.268 1.272 1.273 1.273 1.277 1.274 - 
 
Furthermore, the vibrational frequency for C4-O4 bond is compared with its bond 
distance in the Table 3.9. The longest bond distance was reported for C4-O4 in 2e, 
though the lowest vibrational frequency was observed for C4-O4 in the 2c. Therefore, a 
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similar trend was not observed in IR vibrational frequencies and bond distances for C4-
O4 bond whereas both measurements were obtained in the solid states of those 
complexes. Generally, vibrational frequencies for C4-O4 bond in 2a, 2c, 2d, 2e and 2g 
occurred at similar frequencies and appeared to be relatively insensitive to the nature of 
the flavonolate ligand.   
3.6 UV-Vis spectroscopic characterization of complexes 2b – 2g  
The electronic absorption spectra for complexes 2a to 2g were recorded in 
MeOH, and the data are summarized in Table 3.10. The most intense band in the visible 
range was observed in the region 400- 490 nm, and has been assigned as a metal to ligand 
charge transfer (MLCT) transition.47 This MLCT transition was observed at similar 
energies for the ruthenium complexes 2c and 2d, but it was shifted to a higher energy for 
complexes 2b and 2f.  The shift of the transition to a higher energy for 2b and 2f is 
consistent with the poor π conjugation system of the flavonolates caused by the 
deconjugation of the B ring with the C ring of 2b and 2f due to 2ʹ-methyl and 2ʹ,6ʹ-
dimethyl substitutions. In addition, a low energy band was observed for 2g corresponding 
to the MLCT transition. The NO2 substitution and high planarity of the B ring have 
increased the level of π conjugation of the 4ʹ-nitroflavonolate, and it resulted in a low 
energy band for the MLCT transition. Also, complex 2e followed the same trend with the 
substitution of the methoxy group, and an enhanced π conjugated system was created 




Table 3.10 UV-Vis spectroscopic data for 2b to 2g complexes, recorded in MeOH 
solutions 









3.7 1H NMR spectroscopic characterization 2a-2g complexes 
The chemical shifts for protons in the A ring showed similar values for all 
complexes. Hence, when substitutions were made on the B ring they did not influence the 
chemical shifts of the protons of the A ring. The chemical shifts of the protons of the 
flavonolate ligands (Figure 3.6) are given in Table 3.11. 
 





Table 3.11 Chemical Shifts of the protons of the A and B rings 
Complex Proton/ ppm 
2’ 3’ 4’ 5’ 6’ 5 6 7 8 
2a 8.58 7.46 7.37 7.46 8.58 8.20 7.31 7.58 7.54 
2b - 7.25 7.28 7.32 7.83 8.23 7.33 7.57 7.45 
2c 8.43 - 7.20 7.35 8.37 8.20 7.31 7.58 7.55 
2d 8.50 7.27 - 7.27 8.50 8.20 7.31 7.57 7.53 
2e 8.58 7.00 - 7.00 8.58 8.20 7.31 7.56 7.52 
2f - 7.24 7.11 7.24 - 8.26 7.35 7.57 7.43 
2g 8.74 8.30 - 8.30 8.74 8.21 7.36 7.67 7.57 
 
In the B ring, the most deshielded protons were found in complex 2g, and the 
deshielding can be explained due to the electron withdrawing nitro group substitution 
made on the B ring. The neighboring protons of the substituted methyl groups were 
shielded in the complexes of 2b, 2c, 2d and 2f.  
The effects of B ring substitutions were demonstrated even by the cymene protons 
of the ancillary ligand of the ruthenium-flavonolate complexes. The 4 cymene arene 
protons show only 2 doublets in the ruthenium arene starting material. Upon coordination 
of flavonolate, a half sandwich complex was formed and the 4 protons were further split 
to 4 different doublets. The separation of the doublets was enhanced with the 
deconjugation of the B ring (Figure 3.8). Four well separated doublet peaks were 
observed in the 1H NMR spectrum of 2f. The highest dihedral angle was observed in the 
crystal structure of 2f, and the separation of the doublets may be attributed to the reduced 
rotation of the B ring. In the complexes of 2a, 2c, 2d, 2e and 2g, only two sets of 
multiplets were observed for the cymene protons. The two sets of multiplets were 
produced due to the overlapping of two doublets. The low dihedral angle of those 
complexes corresponds to an increased free rotation of the B ring. Therefore, the cymene 
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protons were influenced more equally in those complexes except 2b and 2f. The chemical 
shifts for cymene protons (Figure 3.7) are compared in Table 3.12. 
 
Figure 3.7 Labeling of the cymene ligand protons 
 
Table 3.12 Chemical shifts of the protons of the cymene ligand 
Complex Proton/ ppm 
HA HB HC HD 
2a 5.37 5.37 5.64 5.64 
2b 5.32 5.32 5.58 5.60 
2c 5.35 5.37 5.65 5.66 
2d 5.36 5.37 5.63 5.64 
2e 5.36 5.37 5.63 5.64 
2f 5.27 5.32 5.54 5.58 










3.8 Electrochemical studies 
The electrochemical data for 2a-2g complexes in propylene carbonate are 
summarized in Table 3.13. The cyclic voltammogram of 2e is shown in Figure 3.9 as a 
representative of the series 2a-2g. A reversible oxidation couple was observed and the 
oxidation couple occurred in the region typical for Ru2+/3+ couples.48 Therefore, the 
oxidation couple was assigned as a ruthenium based oxidation.  
 
Figure 3.9 Cyclic voltammogram of 2e in propylene carbonate with 0.25 M TEAP at a 
scan speed of 75 mV/s. 
 
Table 3.13 Electrochemical data for complexes 2a-2g 










Complex 2e has the most negative oxidation potential as was expected. The 4ʹ-
methoxyflavonolate 1e in the complex 2e was expected to have a highly conjugated 
system, and additionally the electron donating methoxy substitution on the B ring has 
generated low lying π orbitals in the 2e system. Furthermore, the 2e system created a high 
electron density on its metal center and made it easy to oxidize.   
The most positive oxidation potentials were obtained for 2g and 2f. The energy of 
the π orbitals was not lowered in ruthenium complex of 2ʹ,6ʹ-dimethylflavonolate (2f) due 
to the low conjugated system, and the electron density on the metal center was reduced. 
Consequently, a more positive oxidation potential resulted for 2f than complexes 2a-2e. 
A more conjugated system is occurred in ruthenium complex of 4ʹ-
nitroflavonolate (2g) than most of the other complexes, and the flavonolate in 2g is also 
substituted with an electron withdrawing group. Thus, the electron withdrawing 
substitution reduces the electron density on the metal center and results the most positive 
oxidation potential for 2g. 
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3.9  Correlation of substituent effects on electrochemistry 
 
Figure 3.10 Oxidation potentials (0.00 ± 0.010 V) vs. substituent constants 
 
A Hammett plot was used to express the structure-activity relationship 
quantitatively for 2a, 2c, 2d, 2e and 2g (Figure 3.10).49  The electron withdrawing 
substitution caused the most positive oxidation potential, and all the electron releasing 
substitutions produced more negative oxidation potentials compared to that of electron 
withdrawing substituent. 
Complexes 2b and 2f are not included in the previous plot due to the significant 
deconjugation of the B ring observed in those complexes. Therefore, the electronic 
communication is dominantly determined by steric effects in those complexes. 
3.10 Binding studies between Al3+ and 1a-1g flavonols 
The binding studies of Al(III)-flavonols were performed in MeOH at 25 °C. The 
binding studies of 3-hydroxychromone with Al(III) was also carried out under similar 
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conditions. The Al(III)-flavonolate and 3-hydroxychromone binding studies included the 
determination of complex stoichiometries and the binding constants. Furthermore, the 
electronic spectra of flavonols (1a-1g) and 3-hydroxychromone in the presence of Al(III) 
were also discussed for their characteristic absorptions in MeOH solution. 
 Determination of the complex stoichiometry 
The complex stoichiometry was determined by mole-ratio method and verified by 
Job’s method. The mole ratios were changed from 0 to 2.33, while flavonol concentration 
was held constant and Al3+ concentration was gradually increased. As the [Al3+] 
increases, band I disappeared and a new band was formed towards low energy wave 
lengths. In all the flavonols, a 40-50 nm bathochromic shift was observed upon addition 
of Al3+. Figure 3.11 illustrates the disappearance of band I and growing of the new band 
of the UV-Vis spectra of the Al3+-1d system for different [Al3+]/ [1d] molar ratios. Table 
3.14 lists the evolution of the new band for flavonols 1a to 1g. Job’s method was used to 
confirm the results obtained from the mole ratio method.  
The longest absorption wave length resulted for the absorption spectra of 1g, and 
it was caused by the planar B ring and the enhancement of π conjugation of nitro group 
substitution. The UV-Vis spectroscopic studies were also carried out for the Al3+ and 3-
hydroxychromone. The shortest wave length for the absorption spectra was observed in 
the 3-hydroxychromone spectrum, and it can be explained due to the reduced conjugation 




Figure 3.11 The evolution of the UV-Vis absorption spectra for 1d in MeOH with the 
addition of Al3+ 
 
Table 3.14 Band I shifts for 1a-1g flavonols and 3-hydroxychromone 
Flavonol λmax in the absence of 
Al3+/ nm 
λmax in the presence of 
Al3+/ nm 
Δλ/ nm 
1a 344 404 60 
1b 329 379 50 
1c 345 406 61 
1d 348 409 61 
1e 357 419 62 
1f 323 370 47 
1g 363 412 49 





Figure 3.12 Absorbance vs. [Al3+]/[1d] molar ratio plot 
 
In the mole ratio method, two straight lines were obtained when the absorption for 
band I was plotted against the [Al3+]/[1d] mole ratio (Figure 3.12). The mole ratio at the 
intersection point of the two straight lines gives the stoichiometric composition of the 
complex. An identical stoichiometric composition was obtained for all the complexes 
from the absorption curves recorded at the band I wave length and the new band wave 
length. In Job’s method, the absorption curve was recorded at the new band wave length 
(Figure 3.13), and the same complex stoichiometry was obtained as compared to that of 




Figure 3.13 Absorbance vs. χAl3+ Job’s plot for 1d 
 
The stoichiometric compositions for 1a-1g are displayed in the Table 3.15. The 
complex ratio was found as Al(III): ligand = 1:2 for all the flavonols except 1f.  A 1:1 
complex formation was found for 1f.  The steric effects formed by the 2ʹ,6ʹ-dimethyl 
substitution could cause the 1:1 stoichiometry of 1f and Al(III). The present work result 
for 1a is compatible with the previous results reported for the 1a in MeOH. A 1:2 
complex formation was observed between the Al(III) and 3-hydroxychromone in this 
















   Determination of the stability constants 
The stability constants were only calculated for the complexes of 1:2 
stoichiometric compositions. The following equation was used assuming the 1:2 
stoichiometric compositions. 
  Eq. 3.1 
The corresponding stability constant (K): 
  Eq. 3.2 
The equilibrium concentration (Mo) was expressed by the following equation 
which was derived based on previous work:51 
 Mo = 2(A-Ao) [ (KFo (4Am-A)2) + ((4Am-Ao) / KFo(4Am-A)2)] Eq. 3.3 
            Ao= Absorbance in absence of Al(III) 





The calculated K values at 25 °C for the flavonols and 3-hydroxychromone are 
listed in the following Table 3.16: 
Table 3.16 Stability constants of flavonols (1a-1g) and 3-hydroxychromone obtained 
with Al(III) 
Flavonol Log K 
1a 9.00 ± 0.06 
1b 8.65 ± 0.05 
1c 8.90 ± 0.02 
1d 8.85 ± 0.05 
1e 9.20 ± 0.03 
1g 8.50 ± 0.05 
3-Hydroxychromone 7.90 ± 0.05 
 
The highest stability constant was obtained for flavonol 1e and the lowest stability 
constant was reported for 3-hydroxychromone. Furthermore, the stability constants 
reported for 1b and 1g are lower than the other flavonols. Fairly similar values were 
obtained for stability constants of 1a, 1c and 1d. The highest stability constant of 1e is 
attributed to the strong electron donating group substitution and the coplanar B ring. The 
low stability constant of the 3-hydroxychromone corresponds with the lack of a B ring 
and reduced conjugation. The stability constant of 1b was reduced by deconjugation of 
the B ring, whereas the strong electron withdrawing substitution lowered the stability 
constant of 1g. The electron donating methyl substitution effects in 1c and 1d were not 
distinguished by the stability constants obtained with Al(III). However, the following 
stability constants: log K = 12.029a and log K = 11.052 were also reported for the studies 
between the 3-hydroxyflavone (1a) and Al(III) in MeOH. 
The results of this study provide further information regarding the complexation 
of Al(III) with B ring substituted flavonols and 3-hydroxychromone. The chelating power 
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towards the Al(III) of each group on the B ring was independently studied. Moreover, the 
spectral changes observed upon the Al(III) coordination directed to deduce the level of 
coordination of each system. It is also interesting to note that nitro group substitution 
increased the conjugation and reduced the chelating power of the flavonol. Finally, the 
tuning of the chelating power of the 3-hydroxy-4-carbonyl unit of flavonols by B ring 
substitutions was demonstrated by the electronic absorption spectral studies of the 





The primary goal of this project was to detect the influence of the substituent 
effects of the B ring on the structural features and the reactivity of the flavonols. Several 
B ring substituted flavonols were successfully synthesized and characterized by a number 
of spectroscopic techniques. The crystal structures of B ring substituted flavonols were 
studied for intramolecular hydrogen bonding interactions, intermolecular hydrogen 
bonding interactions and crystal packing patterns. Ru(II) metal coordination and Al(III) 
chelation were used to evaluate the reactivity of the B ring substituted flavonols.  
Primarily, the weak electron donating methyl group was substituted at various 
positions of the B ring. Later, strong electron donating groups and strong electron 
withdrawing groups were introduced at the 4ʹ position of the B ring of the flavonol. The 
steric effects could also enhance with the dimethyl substitution at 2ʹ, 6ʹ positions and 
reduce the level of the conjugation of the B ring with the rest of the molecule. The crystal 
structures of those flavonols were successfully resolved and analyzed for intra and 
intermolecular hydrogen bonding interactions. The relationship between the dihedral 
angle and the intramolecular hydrogen bonding distance was studied. The intermolecular 
hydrogen bonding interactions have an influence on the intramolecular hydrogen bonding 
interactions. Furthermore, dihedral angles were affected by the different crystal packing 
patterns occurring in the flavonol structures. Dimer formations were observed in all the 
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structures of flavonols except 1b and 1e, and intermolecular hydrogen bonding 
interactions were utilized to form dimers. Generally, a short intramolecular hydrogen 
bonding distance was observed with a high conjugation level of the B ring, even though a 
non-linear relationship was observed between the intramolecular hydrogen bonding 
distance and the dihedral angle. 
The ruthenium complexes of flavonolates were synthesized and characterized by 
several spectroscopic, physical and electrochemical techniques. The X-ray structures of 
ruthenium-flavonolate complexes were thoroughly studied, and no structural alterations 
were detected to be attributed to the substituent effects made on the B ring. The 
coordination of the flavonolate with the ruthenium metal center was indicated by the 
change of the bond lengths in the 3-hydroxy-4-carbonyl chelating unit. A five membered 
ring was formed upon the coordination between the 3-hydroxy-4-carbonyl unit and the 
ruthenium metal center, although fairly similar ruthenium-oxygen bond distances were 
observed for all the structures of the ruthenium-flavonolate complexes.  
A bathochromic shift for the vibrational frequency of the carbonyl bond (C4-O4) 
was observed for all the ruthenium complexes of flavonols by IR spectroscopy, even 
though the shift does not depend on the substituent effects of the B ring. In fact, a higher 
bathochromic shift was expected to be observed for the 4ʹ-methoxy substitution than 
other substitutions even though the highest shift was attained by the 3ʹ-methyl 
substitution of the B ring.  The substitution effects on the vibrational frequency of the C4-
O4 bond were not able to distinguish by the IR spectroscopy. 
Interestingly, the electronic spectra of the ruthenium-flavonolate complexes 
demonstrated the level of the conjugation of the complexes.  The low energy absorption 
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bands were observed for the highly conjugated structures, whereas reduced conjugation 
systems were characterized by higher energy absorption bands. As expected, higher 
energy absorption was observed for the 2f complex and the lowest energy bands were 
observed for 2e and 2g complexes. The absorption band observed in the 450-490 nm was 
assigned as a ruthenium metal center based MLCT transition. 
The cymene ligand protons were differentiated to four doublets in each 1H NMR 
spectrum of the ruthenium-flavonolate complexes. Two sets of four doublets were 
overlapped and two multiplets resulted for every complex except 2f. In 2f, four clearly 
distinguished doublets were observed. A correlation between the separation of the 
doublets and the dihedral angles was observed in the 1H NMR spectra of the ruthenium-
flavonolate complexes. An up field shift for the B ring protons was observed with methyl 
and methoxy substitutions, while a down field shift for the B ring protons was observed 
with an electron withdrawing nitro group substitution.   
A reversible oxidation couple in the cyclic voltammogram was observed for every 
ruthenium-flavonolate complex, and it was assigned as the Ru2+/3+ oxidation. A strong 
correlation between the substitution effects and the oxidation voltage was observed in the 
electrochemical studies. The electron donating substitutions were characterized by more 
negative oxidation potentials compared to those observed with the electron withdrawing 
substitutions. Futhermore, the deconjugation of the B ring gave more positive oxidation 
potentials. Therefore, low lying π orbitals in the ruthenium-flavonolate systems were 
created by both electron donating substitutions and the coplanar B ring. A Hammett plot 
was used to express the relationship between the substituent parameters and the oxidation 
potentials of the ruthenium complexes.  
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Finally, the Al(III) binding studies of the B ring substituted flavonols were 
evaluated in MeOH at 25 °C. The binding stoichiometry between the Al(III) and the 
flavonolate was determined by the mole ratio method and verified by Job’s method. An 
Al(III):flavonolate = 1:2 binding ratio was obtained for all the flavonolates except 1f. A 
1:1 binding stoichiometry was found for the complex between the Al(III) and 1f. The 
binding stoichiometry of the Al(III) and the 3-hydroxychromone was also determined as 
1:2 in MeOH. 
The stability constants were also determined for the equilibrium systems of the 
Al(III) and flavonolates, and 3-hydroxychromone. The lowest binding constant was 
obtained for the 3-hydroxychromone and the highest stability constant resulted from the 
4ʹ-methoxyflavonol system. However, no significant difference between the stability 
constants were observed for the B ring methylated flavonols. The substituent effects of 
the weak electron donating methyl groups were diminished by the solvent effects of those 
systems, even though the deconjugation of the B ring in the 2ʹ-methylflavonol (1b) was 
characterized with a low stability constant. Therefore, the strong electron donating 
substitution and the high planarity of the flavonolate ligand resulted in a high stability 
constant.    
In summary, the strong electron donating and withdrawing substitutions 
demonstrated characteristic chemical and structural properties of the relevant flavonols. 
The deconjugation of the B ring was mainly caused by the steric effects around the inter-
ring bond. The 2ʹ-methyl and 2ʹ,6ʹ-dimethyl substitutions were usually attributed by the 
high dihedral angles which caused the poor coordinating and poor chelating abilities of 
the 2ʹ-methylflavonol and 2ʹ,6ʹ-dimethylflavonol. Therefore, the electronic and steric 
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properties of the B ring were collectively involved in the determination of the structural 
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